Dietary seaweed fucoidan delays the onset of disease of enterally infected mice with scrapie when given orally for 6 days after infection, but not when given before the infection. This effect was not modified at a tested fucoidan dose range and appeared to reach the maximum level at a concentration of 2.5% or less in feed. Daily uptake of fucoidan might be prophylactic against prion diseases caused by ingestion of prion-contaminated materials, although further evaluation of its pharmacology remains to be done.
Transmissible spongiform encephalopathies, or prion diseases, are fatal neurodegenerative disorders that include Creutzfeldt-Jakob disease (CJD) and Gerstmann-Sträussler-Scheinker syndrome in humans and scrapie, bovine spongiform encephalopathy (BSE), and chronic wasting disease in animals. Recent outbreaks of BSE and variant CJD (vCJD), both of which are considered to occur through ingestion of BSE-contaminated materials (reviewed in reference 21), have necessitated the development of preventive measures against these diseases.
Sulfated polysaccharides, such as heparin, dextran sulfate, and pentosan polysulfate (PPS), are known either to prolong incubation periods in animals with prion diseases or to inhibit formation of pathogen-related abnormal prion protein (PrP) in prion-infected cells (reviewed in reference 3). Their therapeutic effects are attributed to inhibition of the conversion of normal PrP to abnormal PrP by either competitively binding to the normal PrP (4) or reducing normal PrP on the cell surface through stimulation of endocytosis (20) . These large-molecule compounds are not taken up well from the gut to blood or from blood to the brain (a target organ of prion diseases). Therefore, these compounds are effective in cases of peripheral infection when given intraperitoneally, intravenously, or subcutaneously (8) and even in cases of intracranial infection when given intracerebroventricularly (5) . Recently, PPS intracerebroventricular injection has been utilized for clinical trials of patients; the clinical outcome remains to be determined (17) .
Fucoidans, complex sulfated fucosylated polysaccharides, are known to have various biological activities: anticoagulant, antiviral, antiparasital, anti-inflammatory, contraceptive, and so on, because of their ability to imitate patterns of sulfate substitution on glycosaminoglycans and other sulfated glycans (2) . Some fucoidans are present in large quantities in dietary brown seaweed food products, which are eaten frequently in Asian countries (9) . Here, we report that fucoidan from popularly eaten brown algae has antiprion activity and delays disease onset when it is ingested after the enteral prion infection.
Fucoidan was prepared from the brown seaweed Cladosiphon okamuranus Tokida (Fig. 1A ) and subsequently tested as described previously (15) . Briefly, the brown seaweed was suspended in distilled water adjusted to pH 3.0 with 30% HCl and heated at 100°C for 30 or 60 min. The suspension was centrifuged (10,000 ϫ g) at room temperature, and the supernatant was filtered using Microza UF membrane (Asahi Kasei Chemicals, Japan). Then the retentate was washed with distilled water and lyophilized. The levels of fucose, uronic acid, and sulfate in the lyophilized preparation were determined by examining the results of the phenol-H 2 SO 4 reaction and carbazole reaction and by ion chromatography, respectively. The purity and molecular mass of the lyophilized preparation were determined by gel filtration high-performance liquid chromatography. Two fucoidan preparations were used in the experiment: sample 1, with an average mass of 42.6 kDa and 87.8% fucoidan content; and sample 2, with an average mass of 140.4 kDa and 87.1% fucoidan content.
Inhibition of abnormal PrP synthesis in vitro was investigated as described previously (7, 12) in three different prioninfected neuroblastoma (NB) cells, each of which was persistently infected with a distinct prion strain from scrapie (RML or 22L) or human prion disease (Fukuoka-1). The cells were cultured for 3 days in the presence of fucoidan, and proteinase K-resistant abnormal PrP in the cell lysate was recovered by ultracentrifugation and analyzed by immunoblotting with three different anti-PrP antibodies, SAF83 against human PrP142-160 (SPI-BIO, France), PrP-2B against mouse/hamster PrP89-103 (5), and PrP-3B against mouse/hamster PrP218-232 (not published). The three antibodies produced the same immunoblot data in the following studies. Therefore, all immunoblot figures presented are of SAF83. The results from prion-infected NB cells showed that sample 2 of the higher-molecularmass fucoidan more strongly inhibited abnormal PrP formation at half-maximum effective dosages ranging from 2.5 g/ml to 5.0 g/ml in all cells (Fig. 1B) , suggesting that fucoidan exerts its antiprion activity in a prion strain-independent manner. The inhibition was irreversible, and even the most effective abnormal PrP preparation technique, sodium phosphotungstic acid precipitation (18) , never demonstrated that abnormal PrP signals that had once disappeared after treatment with 10 g/ml of sample 2 fucoidan could reappear after serial passages in the absence of fucoidan (Fig. 1C) . The inhibition mechanism included no alteration of either the total or cell surface level of normal PrP. That fact was demonstrated in noninfected NB cells treated with 20 g/ml sample 2 fucoidan by either immunoblot analysis of the cell lysate without protease digestion or flow cytometric analysis performed as described previously (6) ( Fig. 1D and E ). In addition, apparent modification of the abnormal PrP with fucoidan was not observed in the immunoblot data when the RML-infected cell lysate was incubated with 20 g/ml sample 2 fucoidan at 37°C for 1 h and processed to obtain the abnormal PrP as described (Fig. 1F) . The findings are consistent with those of heparan sulfate mimetics (1, 19) , but not those of PPS and dextran sulfate, which stimulate endocytosis of normal PrP on the cell surface and engender reduction of the total and cell surface normal PrP (20) . Thus, reduction of normal PrP is not neces- In one antiprion in vivo test, prion homogenate was mixed with a test compound prior to intracerebral inoculation and injected into the animal brain to elucidate increased incubation times attributable either to inactivation of the inoculum or its presence in the brain at the time of infection. Sample 2 was more effective in vitro. Therefore, it was tested in this manner using an animal model comprising hamster scrapie prion strain 263K and Tg7 mice expressing hamster PrP (16) . That model was chosen because it gives the shortest incubation times of all experimental animal models available and because antiprion activity of fucoidan was observed, irrespective of prion strains. In an initial experiment, immediately after 20 l of 1% 263K prion homogenate equivalent to an infectivity titer of about 10 8 50% lethal dose (LD 50 )/g of tissue (5) was mixed with sample 2 fucoidan at its final concentration of 0 to 200 g/ml, five to eight-week-old Tg7 mice per group were inoculated intracerebrally with the mixture. Only the mixture containing the largest amount of sample 2 significantly increased the incubation period (P Ͻ 0.05) compared to that of the control (experiment 1 in Table 1) .
Next, to determine whether preincubation of the mixture enhances inactivation of the infectious inoculum, the prion homogenate-fucoidan mixtures, similarly prepared but containing 10 times more diluted homogenate, were incubated for 14 h at room temperature and then injected similarly into five to seven mice per group. Experiment 2 in Table 1 shows that only the mixture containing the largest amount of sample 2 significantly increased the incubation period (P Ͻ 0.01), as demonstrated similarly in experiment 1. The findings suggest that fucoidan itself does not modify infectivity of the inoculum, but its presence in the brain might inhibit prion replication or PrP conversion, probably in a manner similar to that observed in vitro. This inference is supported by results described in previous reports that PPS is effective in delaying the onset of disease of prion-infected animals when administered continuously into the brain (5) or even by bolus shots (13) . However, there remains another possibility, the possibility that fucoidan can modify the infectivity in the inoculum very rapidly without a 14-h incubation.
Finally, the potential practical utility of fucoidan was investigated, especially its prophylactic effects against peroral and enteral prion infections such as those that occur in BSE and vCJD. Two different timings of fucoidan feeding, where fucoidan powder was given in a mixture with feed powder at three different levels (2.5, 5, or 10%) were designed to reveal its distinct effects in mice. In one, fucoidan feeding started 7 days prior to enteral inoculation into five to seven Tg7 mice per group by gavage feeding over a few hours with a total of 200 l of 10% 263K prion homogenate (about 10 9 LD 50 /g infectivity titer) and ended the day preceding inoculation to elucidate its preinfection prophylactic effects. In the other, fucoidan feeding started the day after the inoculation and continued for 6 days to elucidate its postinfection prophylactic effects. The results demonstrated that fucoidan feeding that commenced after the enteral inoculation delayed the disease onset for about half the time of the control incubation (Table 2) . However, fucoidan feeding before the enteral inoculation did not affect the incubation time.
Low proportions of fucoidan are absorbed from the gut into blood (11) and excreted in urine (10), although little more is known of the detailed pharmacology of ingested fucoidan. Sulfated polysaccharides injected intraperitoneally or intravenously inhibit prion replication in the lymphoreticular system, which is involved in the delivery of prion from the gut to the brain (8, 14) . Therefore, it can be speculated that fucoidan absorbed into blood exerts its effects by inhibiting prion replication in the lymphoreticular system. A gap of fucoidan effects between the preinfection and postinfection fucoidan feeding might be attributable to the rapid clearance of blood fucoidan a Twenty microliters of 1% 263K prion homogenate mixed with the designated dose of sample 2 fucoidan was inoculated intracerebrally into each Tg7 mouse immediately after the mixture was made.
b Twenty microliters of 0.1% 263K prion homogenate with the designated dose of sample 2 fucoidan was inoculated intracerebrally into each Tg7 mouse after the mixture was incubated for 14 h at room temperature.
c Number of mice tested in each group. d Statistical significance against the value for the control, analyzed using oneway analysis of variance followed by the Tukey-Kramer method for multiple comparisons.
e Statistical significance against the value for either the 0.02 g/ml group or the control, analyzed as described in footnote d. a Fucoidan feeding started 7 days prior to enteral inoculation by gavage feeding with 200 l of 10% 263K prion homogenate and ended the day before inoculation.
b Fucoidan feeding started the day after enteral inoculation and continued for 6 days.
c Number of mice tested in each group. d Statistical significance against either the value for the preinfection group or the control, analyzed as described in Table 1 , footnote d.
into urine when this is the case. Another possible mechanism of the postinfectious fucoidan effects might be that it facilitates the excretion of infectious materials from the gut. This inference is supported by the fact that seaweed polysaccharides and other natural polysaccharides alter the bacterial spectrum of the gut and assist detoxification (9) . In contrast, fucoidan does not seem to act via a certain factor induced in the host because fucoidan administered until the day before inoculation was never effective.
There was no difference in prolonged incubation times among the three different fucoidan concentrations, although the feed consumption per mouse was not statistically different in each experimental group irrespective of the fucoidan level. This might occur because even the lowest concentration of fucoidan in feed surpasses its absorption threshold from the gut or because blood fucoidan concentrations are not parallel to ingested fucoidan doses. The latter was previously reported in humans, where only a threefold difference in blood plasma fucoidan concentrations was detected despite a 7.5-fold difference in ingested fucoidan doses (11) . In addition, the stoichiometric relationship between blood fucoidan concentration and inhibitory activity against prion replication in vivo might also be attributable to the results observed here. However, these inferences remain to be elucidated.
The inoculum used in the study of enteral infection contained an extremely high titer of about 10 9 LD 50 /g, although most of the inoculum might be excreted in feces, and presumably, a much lower titer may cause the infection. More satisfactory prophylactic effects by orally ingested fucoidan might be expected when prion infection in BSE or vCJD is presumed to occur through a lower level of infectivity than that used in this study. On the other hand, the data presented cannot exclude the possibility that the in vivo effects of fucoidan on the 263K prion strain are different from those on other strains. However, this did not occur during our previous experiments with a sulfated polysaccharide (5) .
Finally, all fucoidan samples used here contained fucoidan at less than 90% of total weight. Therefore, it is possible that ingredients other than fucoidan exert the antiprion activity observed in this study. However, gel-filtrated samples, which contained 99.9% fucoidan with a mass of 100 to 190 kDa produced the same in vitro results (data not shown). Therefore, fucoidan itself of the dietary brown seaweed imparts the antiprion activity. Its daily ingestion has the potential to provide some prophylactic benefit against such oral or enteral prion infections as occurred in BSE and vCJD, but further studies must be done to elucidate the pharmacology of ingested fucoidan.
